Glioblastoma in adults, and medulloblastoma and pineoblastoma that mainly affect children, are aggressive brain tumors. The survival for patients with glioblastoma remains dismal. While the cure rate for medulloblastoma exceeds 70%, this figure has stagnated over the past few decades and survivors still contend with significant long-term debilitating side effects. The prognosis for pineoblastoma is age-dependent, with little chance of a cure for children younger than three years. More effective molecularly targeted strategies are urgently required to treat these cancers. Hyper-activation of epidermal growth factor receptor (EGFR) signaling is characteristic of several different classes of human cancers, including a subset of glioblastoma and medulloblastoma. This has provided the impetus for the development of a suite of EGFR pathway blockers, including second generation irreversible inhibitors, such as dacomitinib. We have developed a comprehensive drug evaluation pipeline, including in vitro interaction analyses and orthotopic xenograft mouse models, to address the efficacy of drugs for brain tumor treatment, enabling the exclusion of potentially ineffective treatments and prioritization of truly beneficial novel treatments for clinical trial. We used this system to examine the effects of dacomitinib as a single agent, or in combination with conventional chemotherapeutics, on the growth of human adult and pediatric brain tumor cell lines. Dacomitinib inhibited EGFR or EGFRvIII activity in vitro in all three tumor types tested, and as a single agent induced a modest increase in survival time for mice bearing glioblastoma, which accurately predicted human clinical trial data. For pediatric medulloblastoma, dacomitinib blocked EGFR/HER signalling in orthotopic xenografts and extended median survival as a single agent, however was antagonistic when used in combination with standard frontline medulloblastoma chemotherapies. The findings caution against the use of dacomitinib for pediatric brain tumor clinical trials.
Introduction
Glioblastoma and medulloblastoma are the most common types of malignant brain tumor affecting adults and children, respectively. Although there has been significant progress in understanding the molecular pathogenesis of these tumor types, this has yet to translate to improved outcomes. Glioblastoma continues to have a dismal prognosis in both adults and children [1, 2] and while the cure rate for medulloblastoma exceeds 70% [3] , this survival rate has stagnated over the past few decades at a level well below that of other childhood cancers, such as leukemia [4] . Moreover, survivors still contend with significant long-term debilitating side effects. Pineoblastoma is a rare and aggressive tumor of the pineal gland, which mainly affects children. The molecular biology of this disease remains inadequately understood and the prognosis is variable depending on age; with infants having little chance of a cure, while children over the age of three years treated with radiotherapy have survival outcomes similar to medulloblastoma [5] . Standard of care frontline treatment for glioblastoma includes surgery, radiotherapy and temozolomide chemotherapy [6] , while for medulloblastoma and pineoblastoma, surgery and craniospinal radiotherapy are generally combined with multiple DNA alkylators and the tubulin inhibitor, vincristine [7] . Improved outcomes for brain tumor patients depend on the development of more effective targeted therapies that not only increase survival, but also reduce treatment related side-effects, particularly for pediatric patients.
The human epidermal growth factor (EGF) family of receptor tyrosine kinases consists of four members, commonly referred to as EGFR, ERBB2, ERBB3 and ERBB4. The four proteins function as homo-or heterodimers, and interact with a variety of EGFR family ligands to regulate diverse aspects of cell growth and development in a context specific manner. Hyper-activation of EGFR signaling linked to amplification, overexpression or mutation of the EGFR family genes plays a critical role in driving the initiation and progression of several common classes or subtypes of human cancers [8, 9] . For this reason, the development of new drugs and therapeutic strategies aimed at blocking EGFR signaling in cancer cells has been pursued for many years, and continues to be a major focus of research laboratories world-wide. In the context of human brain tumors, aberrant EGFR signaling has been linked to the pathogenesis of a subset of glioblastoma and medulloblastoma. Approximately 40% of glioblastomas are associated with EGFR amplification and overexpression, and in~60% of these cases EGFR amplification is associated with deletion of exons 2-7 (referred to as the EGFRvIII mutation) [10] . First generation EGFR inhibitors, such as erlotinib and gefitinib, which bind reversibly to EGFR have been disappointing for the treatment of glioblastoma for various reasons including pathway redundancy, the development of resistance through downstream mutations, aberrant receptor dimerization, and difficulties crossing the blood brain barrier [11] . Overexpression of ERBB2 and/or ERBB4 occurs in a subset of medulloblastoma, although the prognostic significance of these phenomena remain controversial [12] . Earlier studies [13] [14] [15] [16] [17] reported poorer outcomes associated with overexpression of ERBB2 alone, or in combination with ERBB4; however, the clinical significance and efficacy of EGFR/ERBB inhibitors for the treatment of human medulloblastoma has not been comprehensively assessed.
Dacomitinib (PF299804, Pfizer) is a second-generation pan-ERBB inhibitor that irreversibly and selectively binds to the ATP binding pockets of EGFR, ERBB2 and ERBB4 at low nanomolar affinities [18] . These second-generation inhibitors are considered clinically superior to their reversible predecessors because they may block the activity of multiple receptors simultaneously and for a longer duration, while maintaining at least partial activity in the presence of mutant receptors that render first generation inhibitors ineffective [19] . Animal studies for dacomitinib have demonstrated encouraging bio-availability (N50%) and half-life (N12 hours) [20] . Recent pre-clinical data suggest that dacomitinib effectively blocked the growth of EGFR amplified and/or EGFR mutant glioblastoma cells in vitro and in intracranial xenografts [21, 22] . Moreover, dacomitinib has shown promise for the treatment of non-small cell lung cancer, squamous cell carcinoma of the head and neck, and in a subset of glioblastomas [23] [24] [25] [26] . The effects of dacomitinib on medulloblastoma or pineoblastoma cell growth have not been assessed.
As part of our efforts to identify more effective drugs for the treatment of brain tumors, we developed a comprehensive drug evaluation pipeline, in which the efficacy of new drugs for the treatment of brain tumors can be determined, enabling the exclusion of potentially ineffective treatments and prioritization of truly beneficial novel treatments for clinical trial. Using this system, we examined the effects of dacomitinib as a single agent, or in combination with conventional chemotherapeutics currently used in the clinic, on the growth of human adult and pediatric brain tumor cells in vitro and in vivo.
Materials and Methods

Cell Lines and Culture Conditions
The human glioblastoma cell line, U87MG, and the human medulloblastoma cell line Daoy, were purchased from the American Type Culture Collection. U87MG cells were transduced with retrovirus to express green fluorescent protein (GFP) and a puromycin acetyltransferase/luciferase fusion protein (pacLuc2) using the retroviral expression constructs MSCV-ires-GFP and MSCV-ires-pacLuc2 (U87. Luc2). U87MG cells were also transduced to express pacLuc2, GFP, and a constitutively active form of the EGF receptor (EGFRvIII) using the retroviral expression constructs MSCV-ires-pacLuc2 and MSCV-EGFRvIII-ires-GFP (U87vIII.Luc2). Retroviral constructs were kindly provided by Drs Suzanne Baker and Richard Williams of St Jude Children's Research Hospital (Memphis, TN, USA). Daoy cells were also retrovirally-transduced to express luciferase using MSCV-ires-pacLuc2 (Daoy.Luc2). Medulloblastoma and glioblastoma cells were cultured in DMEM (Gibco) supplemented with Glutamax (Invitrogen), and 10% fetal bovine serum (FBS). The human patient-derived medulloblastoma and pineoblastoma cell lines, PER547, PER452 and PER453 were gifted from Prof Ursula Kees [27] , and retrovirally-transduced to express luciferase using MSCV-ires-pacLuc2 (547.Luc2, 452.Luc2 and 453.Luc2). These cells were cultured in RPMI (Gibco) supplemented with Glutamax, 1 mM sodium pyruvate (Invitrogen), non-essential amino acids (Invitrogen), 50 μM 2-mercaptoethanol (Sigma-Aldrich) and 10% FBS. Short-term GBM6 cells [28] were not modified by retrovirus and were cultured in KnockOut DMEM/F12 supplemented with Glutamax and StemPro Neural Supplement (all Gibco). Growth factors (recombinant human EGF and basic FGF, Shenandoah Biotechnology) were added at 20 ng/ mL. Cells were cultured at 37°C in 5% CO 2 for all experiments.
In Vitro Drug Sensitivity Assays
Dacomitinib (Pfizer or Eurasian Chemicals) and the activated form of cyclophosphamide, 4-hydroperoxycyclophosphamide (4HPC; Toronto Research Chemicals) were dissolved in DMSO (Sigma-Aldrich). Vincristine sulfate was supplied in saline (Hospira). Cells (5,000/well) were plated in 384 well plates using a Microlab NIMBUS (Hamilton). Drug dilutions were prepared in DMSO (or saline in the case of vincristine) and further diluted in media prior to addition to cells in a combination array matrix. Cells were treated for 72 hours and incubated with alamar blue (0.6 mM resazurin, 1 mM potassium hexacyanoferrate (II) trihydrate, 1 mM potassium hexacyanoferrate (III), 2.5% methylene blue (all from Sigma-Aldrich)) for the final 6 hours of treatment. Fluorescence was detected using a Biotek Synergy Mx with excitation/ emission wavelengths of 570 nm and 590 nm, respectively. Raw fluorescence data were normalized to the fluorescence measured in the DMSO control, and expressed as a percentage of control. The ED50 (effective dose resulting in 50% survival) and the factor of cells affected (Fa) were interpolated from a best-fit dose-response curve determined Neoplasia Vol. 20, No. xx, 2018 Dacomitinib for the Treatment of Brain Tumors Endersby et al.
using Prism v7 (GraphPad Software). CompuSyn was used to determine drug interactions [29] .
Protein Extraction and Immunoblotting
U87.Luc2, U87vIII.Luc2, Daoy.Luc2 and 452.Luc2 cells were washed twice in phosphate buffered saline (PBS) and starved in medium containing 0.1% FBS for 3.5 hours prior to the addition of increasing concentrations of dacomitinib. U87.Luc2 and U87vIII.Luc2 cells were treated with 400 nM, 1 or 4 μM dacomitinib. Daoy.Luc2 and 452.Luc2 cells treated with 6.25, 25, 100 or 400 nM dacomitinib. Thirty minutes after the addition of dacomitinib, EGFR was stimulated by the addition of 20 ng/ml recombinant human EGF (Shenandoah Biotechnology). GBM6 cells were treated with 500 nM dacomitinib overnight prior to harvest. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors (Roche). Immunoblotting was performed with specific primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies (GE Healthcare), detection using Supersignal West Dura (Pierce) and visualization in a BioRad Chemidoc. Antibodies used were phosphorylated EGFR (p-EGFR) Y1173 (Cell Signaling #4407, 1:1000), p-EGFR Y1068 (Cell Signaling #2234, 1:1000), total EGFR (Cell Signaling #4267, 1:1000), phosphorylated AKT (p-AKT) S473 (Cell Signaling #9271, 1:1000), pan AKT (Cell Signaling #4691, 1:1000), phosphorylated ERK1/2 (pERK1/2) T202/Y204 (Cell Signaling #9101, 1:1000), total ERK1/2 (Cell Signaling #9102, 1:1000), PTEN (Cell Signaling #9559, 1:1000), and β-actin (Sigma-Aldrich #A1978, 1:1000).
Immunofluorescence
U87vIII.Luc2 cells were seeded onto glass slides and cultured overnight in medium containing 10% FBS. Cells were treated with DMSO (0.01%) or 1 μM dacomitinib for 16 hours prior to fixation in 4% paraformaldehyde in PBS. Cells were blocked and permeabilized with PBS containing 0.1% Triton X-100 and 10% normal goat serum (Vector Laboratories) at room temperature for 1 hour. Cells were further incubated with an anti-phosphorylated EGFR Y1173 primary antibody (Cell Signaling #4407, 1:200) followed by a Cy3-conjugated anti-rabbit secondary antibody (Jackson Immunoresearch, 1:400). Nuclei counterstained with DAPI and slides coverslipped using VectorShield HardSet mounting medium (Vector Laboratories). Wide-field epifluorescence images were taken using a Nikon Ti Eclipse and NIS Elements software (Nikon).
Animals, Intracranial Implantation and Bioluminescence Imaging
All animal experiments were approved by the Animal Ethics Committee of the Telethon Kids Institute and performed in accordance with the Australian Code for the Care and Use of Animals for Scientific Purposes. The ND2:SmoA1 transgenic mouse (the SMO mouse) was a generous gift from James Olson (Fred Hutchinson Cancer Research Centre, Seattle, USA) and has been previously described [30, 31] .
For orthotopic xenografts, cells were suspended in matrigel (BD Biosciences) (10 6 cells in a total volume of 5 μL) and implanted into the right cerebral hemisphere of 10-12 week old athymic female mice (Balb/c nude, Animal Resources Centre, Perth, Western Australia) using a Hamilton syringe. For survival studies, tumor size was monitored weekly by bioluminescence using an IVIS Spectrum (Caliper). Once tumors were established (as determined by bioluminescence) mice were treated as indicated in the text. Kaplan-Meier tumor-free survival curves were generated using Prism v7 (GraphPad Software) based on the number of days post-implantation until tumors caused morbidity requiring euthanasia.
In Vivo Drug Administration
Cyclophosphamide (Endoxan, Baxter) was dissolved in saline and delivered intraperitoneally (150 mg/kg). Vincristine (Hospira) was purchased as a pre-prepared solution in saline and delivered intraperitoneally (0.5 mg/kg). Dacomitinib (Pfizer) was dissolved in 50 mM sodium lactate pH 4 (Sigma-Aldrich) and delivered by oral gavage (30 mg/kg or 50 mg/kg as indicated).
Immunohistochemistry (IHC)
Mouse brain tissue was fixed in 4% paraformaldehyde in PBS overnight and embedded in paraffin. Tissue sections (5 μm) underwent microwave antigen retrieval in a citrate buffer before immunostaining with the following antibodies: Ki-67 (Leica #NCL-Ki67p, 1:5000), cleaved caspase-3 (CC3) (BD #559565, 1:500), p-EGFR Y1173 (Cell Signaling #4407, 1:250), phosphorylated ErbB4 (pErbB4) Y984 (Cell Signaling #3790, 1:50), or total ErbB4 (Santa Cruz #SC-283, 1:200). Sections were developed using biotinylated secondary antibodies, followed by detection with an Elite ABC kit and NovaRED peroxidase substrate, then counterstained with Gill's hematoxylin (all from Vector Laboratories). Ki67-and CC3-positive cells were quantified using a Nuance spectral unmixing camera and InForm Tissue Finder software (Perkin Elmer). Quantification of phosphorylated and total ErbB4 was performed using particle analysis in ImageJ [32] .
Statistical Analyses
Unpaired two-tailed Student's t tests were used to evaluate the statistical significance between treatment groups as applicable. Kaplan-Meier survival curves were compared using the log-rank (Mantel-Cox) test. All statistical analyses were performed using GraphPad Prism v7, with P b .05 considered significant.
Results
Dacomitinib Inhibits EGFR Signaling in Brain Tumor Cell Line Models
Upon ligand binding, EGFR receptors form homodimers or heterodimers which leads to activation of the intracellular tyrosine kinase domain. This in turn activates downstream signaling cascades, including the phosphoinositide 3-kinase, AKT and ERK1/2 pathways [33, 34] . To examine the effects of dacomitinib on EGFR signaling in glioblastoma, medulloblastoma and pineoblastoma cell lines, we assessed the expression and/or phosphorylation of EGFR and components of downstream pathways by immunoblot. In U87.Luc2 cells, full length EGFR was detectable with minimal phosphorylated EGFR (Y1173), whereas in U87vIII.Luc2 cells both full length EGFR and EGFRvIII were expressed, and phosphorylated EGFR (Y1173) was detectable in vehicle-treated cells ( Figure 1A ). Treatment with dacomitinib significantly reduced EGFRvIII phosphorylation (Y1173) at doses ranging from 0.4-4 μM. Inhibition of EGFRvIII phosphorylation was also observed by immunofluorescence in U87vIII.Luc2 cells exposed to dacomitinib in vitro ( Figure 1B ). Phosphorylation of downstream EGFR effectors AKT (S473) and ERK1/2 (T202/Y204) was also assessed in the U87.Luc2 and U87vIII.Luc2 cells ( Figure 1A ). Dacomitinib treatment decreased phosphorylation of both kinases, relative to EGF-stimulated/ DMSO-treated controls, indicating that both receptor activity and downstream signaling was inhibited in glioblastoma cells. Similarly, in a short-term culture of GBM6 patient-derived glioblastoma cells that also harbor EGFR amplification and vIII-mediated activation [35] , dacomitinib effectively blocked EGFR phosphorylation, and downstream AKT and ERK1/2 activation ( Figure 1C ).
The effect of dacomitinib in pediatric brain tumor cell cultures was consistent with these data. Dacomitinib potently inhibited full length EGFR phosphorylation in the Daoy.Luc2 medulloblastoma cell line ( Figure 1D ) and 452.Luc2 pineoblastoma cell line ( Figure 1E ). Moreover, AKT and ERK1/2 phosphorylation was also significantly reduced in both cell lines. Overall, these data indicate that dacomitinib inhibits EGFR phosphorylation in multiple brain tumor cell lines resulting in inhibition of downstream pathways in both pediatric brain tumor cells and adult glioblastoma cells.
Dacomitinib Inhibits ERBB Signaling in Orthotopic Brain Tumor Xenografts
Dacomitinib potently inhibited EGFR signaling in vitro. To assess whether dacomitinib could inhibit EGFR signaling in vivo, mice carrying U87vIII.Luc2 glioblastoma, Daoy.Luc2 medulloblastoma or 452.Luc2 pineoblastoma intracranial xenografts were treated by oral gavage with 30 mg/kg dacomitinib. Twenty-four hours after treatment, brain tissue was harvested and examined immunohistochemically. Phosphorylated EGFR (Y1173) was reduced in dacomitinib-treated Figure 1 . Dacomitinib inhibits EGFR activity and downstream signaling in glioblastoma, medulloblastoma and pineoblastoma cells. Immunoblot analyses of (A) U87.GFP.Luc2 and U87.vIII.Luc2 (C) GBM6 (D) Daoy.Luc2 and (E) 452.Luc2 cells using the indicated antibodies. Cells were treated with increasing concentrations of dacomitinib and protein was harvested as described in the methods. (B) U87MG glioblastoma cells were transduced with a retrovirus to drive expression of EGFRvIII, GFP and pacLuc2. Cells were cultured in the absence (DMSO) or presence of dacomitinib and phosphorylation of EGFRvIII was determined by immunofluorescence for phosphorylated EGFR (Y1173) (phospho-EGFRvIII, orange). Staining for GFP (green) confirms cells in the dacomitinib treated sample were successfully transduced. Nuclei were counterstained with DAPI (blue). Scale bar applies to all images.
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mice bearing U87vIII.Luc2 and Daoy.Luc2 tumors compared to vehicle controls, consistent with successful drug penetration of the tumor and subsequent receptor inhibition (Figure 2A ). Phosphorylated EGFR levels were very low in 452.Luc2 pineoblastoma tumors, making receptor inhibition difficult to assess in these mice.
The effects of dacomitinib treatment on tumor cell proliferation and apoptosis (measured by Ki67-and CC3-positivity, respectively) were also examined immunohistochemically 24 hours after treatment. At this time-point, a small but statistically significant decrease in proliferation was observed in dacomitinib-treated mice with U87vIII. Luc2 and 452.Luc2 xenografts ( Figure 2B) , with no significant increase in apoptosis observed in any tumors ( Figure 2C ).
Dacomitinib Treatment Delays Brain Tumor Growth and Improves Survival
In vivo expression, and dacomitinib-induced inhibition, of exogenous EGFRvIII and endogenous EGFR were clearly observed in the U87vIII.Luc2 and Daoy.Luc2 models, respectively. Therefore, we assessed the impact of dacomitinib on the overall survival of these glioblastoma and medulloblastoma models. Orthotopic U87vIII.Luc2 glioblastoma xenografts were established in nude mice and treatment with dacomitinib (30 mg/kg) or vehicle (sodium lactate) was given thrice weekly. Bioluminescence assessment of tumor growth demonstrated that dacomitinib-treated glioblastomas were significantly smaller than control tumors at day 15 post-implant ( Figure 3A) . Consistent with the significantly reduced bioluminescence, Kaplan-Meier survival analyses revealed that dacomitinib significantly extended the lifespan of mice bearing U87vIII.Luc2 glioblastoma xenografts compared with controls ( Figure 3B ).
The effect of dacomitinib treatment (30 mg/kg, thrice weekly) on survival was also assessed in mice harboring Daoy.Luc2 xenografts. However, in this model no difference was observed in the bioluminescence between control and dacomitinib-treated mice ( Figure 3C ). Overall survival of animals was also assessed, and although an initial delay was observed, as reflected by the log-rank test, there was no difference in end-point ( Figure 3D ).
Cyclophosphamide Enhances Delivery of Dacomitinib to Mouse Medulloblastomas
Intracranial implantation of cells can disrupt the blood-brain barrier, and although sufficient time was allowed for the surgical wound to heal prior to drug administration, it remained possible that the surgical process could facilitate access of dacomitinib to the tumor. To investigate whether dacomitinib was able to cross an intact blood-brain tumor barrier, we utilized the SMO mouse, which spontaneously develops medulloblastoma due to overexpression of activated Smoothened (SMOA1) in the mouse cerebellum [30, 31] . Unlike the intracranial implant models where the xenografts exhibited uniform levels of EGFR expression, the amounts of phosphorylated Egfr varied significantly between individual untreated SMO mice ( Supplementary Figure 1) , making it difficult to determine the effect of dacomitinib on Egfr activity immunohistochemically. Instead, total ErbB4 expression was found to be more consistent in tumors across multiple animals ( Supplementary  Figure 2) , therefore the ratio of phosphorylated ErbB4 to total ErbB4 for each SMO medulloblastoma was determined to assess the ability of dacomtinib to penetrate brain tumors, and inhibit receptor activity. Tissue was harvested 24 hours after drug treatment. The data revealed that although ErbB4 phosphorylation (Y984) appeared reduced in SMO medulloblastomas treated with 30 or 50 mg/kg dacomitinib, these results were not statistically significant ( Figure 4A and Supplementary Figure 2) . The difference in both survival outcomes and receptor inhibition between medulloblastoma tumors (Daoy and SMO) and glioblastomas (U87MG) treated with dacomitinib alone raises the possibility that the blood-tumor barrier is different in these different tumor types.
We hypothesized that the blood-tumor barrier in medulloblastoma could be made more permeable to dacomitinib by the co-administration of a chemotherapeutic agent commonly used in the clinical treatment of medulloblastoma. Therefore, SMO mice were treated with either 30 or 50 mg/kg dacomitinib in combination with 150 mg/kg cyclophosphamide (CPA). In both combination-treated groups, a significant reduction in phosphorylated ErbB4 levels compared to vehicle-treated mice was observed (P = .04 and P = .01, Figure 4A ). These data suggest that although dacomitinib may not be able to cross an intact blood-tumor barrier at sufficient levels to effectively inhibit ErbB receptor signaling when administered alone, impairment of the barrier, either by physical disruption (such as intracranial implantation or craniotomy), or increased permeabilization caused by chemotherapeutics (such as cyclophosphamide), appears to facilitate penetration of the drug into brain tumors.
Given these findings, we investigated whether the combination of dacomitinib and cyclophosphamide was effective against medulloblastoma cells in vitro and in vivo. This is particularly of interest in the pre-clinical assessment of novel treatments for pediatric cancer, since in pediatric clinical trials new drugs are often evaluated in combination with existing chemotherapeutics [36] .
Dacomitinib Antagonizes Conventional Chemotherapy for Medulloblastoma
Cyclophosphamide, vincristine and cisplatin are widely used to treat medulloblastoma [7] . We initially investigated the in vitro interactions between dacomitinib and these three drugs using well-established drug interaction assays [37] . Daoy.Luc2 medulloblastoma cells were cultured in the presence of increasing concentrations of dacomitinib and either 4HPC, vincristine or cisplatin in a matrix array. Cell survival was assessed by alamar blue assay and results were analyzed with CompuSyn software, which calculates a combination index (CI) value for each drug pair. CI values greater than one indicate that the drugs antagonize each other, a CI value of one indicates additivity, and values below one indicate a synergistic interaction. For all combinations tested, dacomitinib antagonized all three of the drugs used in medulloblastoma treatment in vitro ( Figure 4B-D) .
However, based on our findings in SMO medulloblastomas, where cyclophosphamide treatment increased the penetration of dacomitinib into tumors, and enhanced receptor inhibition, we wanted to assess whether the interactions determined from in vitro experiments were consistent in vivo. As the combination of dacomitinib with cyclophosphamide or vincristine had the lowest average CI values of the three combinations tested, cohorts of mice bearing intracranial medulloblastoma xenografts were treated with vehicle, or dacomitinib (30 mg/kg), cyclophosphamide (150 mg/kg) or vincristine (0.5 mg/kg) alone or in combination, and survival data were generated ( Figure 5, A and B) . Mice in the cyclophosphamide cohort received dacomitinib thrice weekly and/or cyclophosphamide once weekly, while mice in the vincristine cohort were treated every alternate week with dacomitinib twice per week and vincristine once per week. Consistent with Figure 3 , a slight improvement in animal survival was observed in mice treated with dacomitinib alone. Notably, the conventional chemotherapeutics, cyclophosphamide and vincristine, did not impact survival in this model, and survival of mice treated with the drug combinations were also not increased compared with mice treated with dacomitinib alone. Due to this, we could not confirm if dacomitinib acted antagonistically in vivo with either cyclophosphamide or vincristine. Importantly, it was evident that combination treatment did not improve survival over the dacomitinib-treated mice, indicating a lack of synergy. Animals treated with both drug combinations exhibited increased weight loss, suggestive of drug-related toxicity, preventing additional experiments. Assessment of EGFR phosphorylation by immunohistochemistry certainly indicated that dacomitinib was active in both single drug-treated, and combination-treated animals ( Figure 5C ). Quantitation of phosphorylated EGFR staining intensity in Daoy xenografts (Supplementary Figure  3) suggested that dacomitinib was more active in combination-treated mice, consistent with our findings from the SMO medulloblastomas. The fact that this did not result in any additional survival benefit suggests that there likely exists some antagonism between cyclophosphamide and dacomitinib in vivo. Proliferation and apoptosis were also assessed, but the percentages of cells containing Ki67 or cleaved caspase 3 remained unchanged in both single agent and combination-treated animals compared with vehicle treated mice (data not shown).
To confirm these findings in an additional medulloblastoma mouse model, we studied dacomitinib in ERBB2-expressing PER547 medulloblastoma cells [38] . Similar to Daoy medulloblastoma cells, dacomitinib was observed to behave antagonistically with cisplatin in vitro, and was only additive with 4HPC. Furthermore, when 547.Luc2 orthotopic xenografts were immunohistochemically examined from mice treated with dacomitinib, no changes in tumor cell proliferation, nor apoptosis, were observed. In contrast, the conventional chemotherapeutic cyclophosphamide induced significant reductions in proliferating cells, and increased numbers of apoptotic cells in these tumors. Notably, the combination of dacomitinib with cyclophosphamide did not significantly alter proliferation or apoptosis, compared to tumors treated with cyclophosphamide alone (Supplementary Figure 4) .
Dacomitinib Does Not Enhance Conventional Chemotherapy in Pineoblastoma
Pineoblastomas in children are rare, and due to limited proven clinical treatment options, patients are treated using medulloblastoma protocols. However, despite histological similarities between these two tumor types, pineoblastoma patients experience poorer survival outcomes compared to children with medulloblastoma. EGFR expression in supratentorial primitive neuroectodermal tumors, including pineoblastoma, has been reported to correlate with poor five-year survival outcomes, warranting the investigation of mechanisms to block EGFR-mediated signalling [39] . Therefore, despite modest effects of dacomitinib in glioblastoma and medulloblastoma, we examined the effects of dacomitinib in combination with several conventional chemotherapeutics using the 452.Luc2 patient-derived pineoblastoma cells, as well as a second pineoblastoma cell line (453.Luc2) derived from the same patient but following disease relapse post-chemotherapy [27] . Despite the two cultures being derived from the same patient, the results of in vitro drug interaction assays testing dacomitinib with 4HPC or cisplatin were inconsistent, with synergy or additivity observed in 452.Luc2 cells and synergy observed in 453.Luc2 cells (Supplementary Figure 5 ). However, a synergistic effect of dacomitinib with cyclophosphamide was not evident in vivo for either tumor. Mice harboring orthotopic xenografts of 452.Luc2 and 453.Luc2 were treated with vehicle, dacomitinib, cyclophosphamide or a combination of dacomitinib with cyclophosphamide, then proliferation and apoptosis were assessed using immunohistochemistry. No change in proliferation was observed in any treatment group, and dacomitinib also failed to induce apoptosis when used alone. Apoptosis appeared increased in both tumor models following treatment with chemotherapy, but this was not enhanced by co-administration of dacomtinib, even in 453.Luc2 tumors (Supplementary Figure 6 ). Due to these findings, the impact of dacomitinib on overall animal survival was not investigated in these models.
Discussion
EGFR pathway inhibitors continue to be assessed for their potential to treat a range of different major tumor classes, particularly those of which the majority are linked to aberrant ERBB pathway activation (such as head and neck cancers), or others which include discrete subtypes characterized by overexpression and/or mutations affecting EGFR family members (such as non-small-cell lung cancer, ERBB2/HER2+ breast cancer, classical glioblastoma). However, the therapeutic potential of EGFR pathway inhibitors for the treatment of pediatric brain tumors has received less attention [2, 40] .
Our study adds to the body of research investigating the pan-ERBB inhibitor dacomitinib for the treatment of glioblastoma [26] , and here we have extended the analysis to pediatric brain tumors. Our analysis revealed that the drug inhibited EGFR and EGFRvIII activity in vitro in all three tumor types tested. As a single agent, in vivo treatment with dacomitinib resulted in a statistically significant but only clinically modest improvement in survival rates for mice bearing glioblastoma orthotopic xenografts and a statistically significant, but not clinically relevant survival advantage for mice bearing medulloblastoma orthotopic xenografts, given there was no difference in the total length of animal survival. Importantly, our data for glioblastoma are highly consistent with the results of a recently reported Phase II clinical trial of dacomitinib for the treatment of recurrent glioblastoma in adults with EGFR amplification, which revealed limited single agent activity [26] . The trial results showed that across all patients (with or without EGFRvIII) progression-free survival was only 10.6% at six months (median 2.6 months); however, five patients were progression-free at 6 months and four remained progression-free at 12 months with one patient experiencing complete response. A comparison of the genetic features of the glioblastomas that did and did not respond to dacomitinib treatment would be essential to interpret the general lack of efficiency, as well as better understand potential biomarkers that predict response to treatment. For example, previously published pre-clinical data suggest that dysregulation of signalling downstream of EGFR, such as PTEN loss, impedes sensitivity to dacomitinib [21, 41] . In contrast, we showed that dacomitinib was able to down-regulate AKT activity in PTEN-mutant U87MG cells with or without EGFRvIII. Moreover, in vivo, dacomitinib treatment induced a modest increase in survival despite PTEN deficiency. Another Phase II study in adults with recurrent glioblastoma is ongoing, although they are no longer recruiting participants [42, 43] . Our data argue that careful preclinical assessment of therapeutic response should be considered, if not essential, in order to avoid the unnecessary burden and expense of a clinical trial not likely to significantly impact patient outcomes.
There are fewer examples of clinical trials targeting ERBB receptors in pediatric brain tumor patients. A limited number of early phase clinical trials involving first generation EGFR pathway inhibitors, such as erlotinib and lapatinib [2, 40, 44] , suggested that these drugs were well tolerated in children with medulloblastoma, although they were of limited clinical effectiveness, possibly due to low tumor penetration of the drug [40] . Our analysis of the Daoy medulloblastoma cell line were initially encouraging, and suggested that dacomitinib as a single agent effectively inhibited EGFR signaling in vitro and in vivo, as well as increased survival in mice bearing Daoy orthotopic xenografts. However, the absence of a difference in the bioluminescence between control and dacomitinib-treated mice, combined with no difference in the total length of animal survival, strongly suggest that the clinical impact would likely be insignificant, especially since EGFR/ERBB4 activation are probably not essential drivers of growth in Daoy xenografts. This is in contrast to the U87.vIII glioblastoma xenograft model where EGFR activation is the principal driver of tumor proliferation and where the effects of dacomitinib were more pronounced pre-clinically, but notably still of limited efficacy in the clinic [26] . Moreover, dacomitinib antagonized standard front-line medulloblastoma chemotherapies such as cyclophosphamide, vincristine and cisplatin. This was corroborated in a second medulloblastoma xenograft model (PER547), where no significant impact on proliferation or apoptosis were observed with dacomitinib treatment alone or in combination with cyclophosphamide. Taken together these data, indicate that dacomitinib should not be a candidate to consider for upfront therapy for pediatric medulloblastoma. These data are of important consideration in the clinical setting when selecting tumor types most likely to benefit from dacomitinib treatment.
The role for the EGFR pathway in the pathogenesis of pineoblastoma has not been investigated to date. Our data, albeit limited, would suggest that while dacomitinib demonstrated pathway inhibition in vitro in these cells, the in vivo data suggest that EGFR pathway inhibitors are highly unlikely to be an effective treatment option for this disease, alone or in combination with cytotoxic chemotherapy, despite clinical data available that suggests EGFR expression is associated with poorer survival outcomes [39] .
In assessing the efficacy of dacomitinib for the treatment of the three distinct brain tumor types, we have developed a comprehensive pre-clinical pipeline to test novel chemotherapeutic drugs for these diseases. This pipeline interrogates the effects of novel compounds from the level of signaling pathways and effects on cell viability in vitro through to in vivo target inhibition, and assessment of effects on tumor growth and survival. Furthermore, our approach allows robust testing, not only of single agents, but also of combinations of these drugs with current chemotherapeutics, which is necessary, particularly in the up-front pediatric pre-clinical setting. In conclusion, the limited efficacy of dacomitinib in a Phase II clinical trial in adult patients with recurrent glioblastoma with deregulated EGFR are highly consistent with our pre-clinical data and highlight the value of rigorous testing in pre-clinical pipelines such as ours prior to conducting clinical trials. To this end, our findings do not support the use of dacomitinib in clinical trials for the predominantly pediatric tumors, medulloblastoma or pineoblastoma.
